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ABSTRACT 


A frequency dependent analysis of a shielded edge-guided 
mode isolator is presented. A Fourier transform technique is 
applied to the boundary expressions of a structure built on 
a dielectric substrate, and the resulting equations are 
solved for the wavelength ratio. By using perturbation 
analysis and the results obtained for the dielectric case, 
solutions for the normalized propagation constant and 
attenuation for waves traveling in the -Z and +Z directions, 


mm a Structlre bDuTIt on a ferrite substrate, are obtained. 
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ie ern O DUCTION 


The analysis of various configurations of microstrip 
Boanomissi@n wines, 1s Of great importance, primarily, to 
the industrial area, since these kinds of transmission lines 
are easy to manufacture, and they are suitable for use in 
microwave integrated circuits due to their small dimensions. 

Two major groups of microstrip transmission lines can 
be defined, related to the substrate material that is used. 
inese dre the “diWelectric and ferrite substrate groups. This 
study presents the analysis of a new type of ferrite built, 
shielded microstrip isolator, using the edge-guided mode of 
propagation. 

It was shown by M. E. Hines [Ref. 1] that an edge-guided 
mode of propagation occurs in a wide microstrip transmission 
line using a ferrite slab magnetized perpendicular to the 
Ground plane. Themk. F. fields patt@erns in such a structure 
are shown in Figure 1 [Ref. 1]. 

PROpagatnoneoccurs In both +Z directions with equal 
phase velocities and loss, and the R. F. fields patterns are 
mirror images for both directions of propagation. [In the 
dominant mode the energy is shifted from one side to the 
ener withmereversd) Of Che direction of propagation. Hines 
suggested that this phenomenon could be used in the analysis 


of nonreciprocal devices such as isolators, phase shifters 
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Pisunmenmle kre fields Of Dominant Mode in Micro- 
Scmuommeinew D.C. Magnetic Field in 
ay yrect1 on, 








and other components, where nonreciprocal behavior can be 
attained by perturbing the structure in an asymmetrical way. 

To achieve isolation, a resistive load can be placed 
euly on one Side of the structure; thus high transmission 
mass OCCUrS TON twesproapagation direction for which the 
energy is concentrated on the lossy side, and lower loss 
results for the opposite direction where the energy is 
concentrated on the other side. The disadvantage of this 
field displacement isolator was the small ratio between 
backward and forward losses, which was not sufficient for 
isolation purposes. 

An improved edge-guided mode isolator was suggested by 
K. Araki, T. Koyama and Y. Naito [Ref. 2] for which no lossy 
electric material was used, but instead one edge of the 
conducting strip was shorted to ground. 

is Wsotation structure, shown in Figure 2, was built 
and tested and the experimental result showed large attenua- 
tion in the backward direction and small insertion loss in 
the forward direction. 

The following study is an investigation of the theo- 
retical behavior of a model for this isolator structure. 

Drewe<aeteconpigunation of the isolator model is shown 
in Figure 3. Since most of the field is confined in the 
dielectric substrate then the left, right and upper conducting 
walls of the shield have negligible affect on the electric 


and magnetic fields configuration, thus the model which is 





conducting 





PigumeucrmelS@ lator Structure. 


easier to analyze can replace the open boundary-isolator 
configuration [Figure 2]. The shield is a rectangular wave- 
guide which implies that the highest frequency of operation 
Should not exceed the cut-off frequency of the TE. 9 mode of 
the waveguide. 

The mathematical method which was selected for this 
Study was used in earlier works like references 3, 4, and 
5. This mathematical method can be used for calculating 
wavelength ratio and characteristic impedance for non TEM, 
TE or TM transmission lines. Essentially, this method deals 
with the boundary conditions of a structure, after they were 


transformed into the spectral domain. Then by using the 


10 








method of moment [Ref. 4] and assuming either current density 
distributions or electric field distributions (depending on 
the structure) numerical solutions for the wavelength ratio 
and the characteristic impedance can be obtained. 

In essence, the analysis procedure is a complete 
solution for the dispersion characteristics of a structure 
DUT lt eommamanrelectric Substrate, and then by applying 
perturbation theory, the phase and the attenuation constants 
of a structure built on a ferrite substrate are obtained. 


ims ferrite bUIIt device is the isolator. 
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Figure 3. Three dimensional Isolator and Regions. 
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Diy UisrekoNmemamaAclERISTICS ON DIELECTRIC SUBSTRATE 


A. FIELD AND BOUNDARY CONDITIONS 
Assume waves are propagating along the structure shown 
mimertraure 3, in tme -Z direction such that the propagation 


Jutty2 where w is the radian frequency, and y=atjg 


term is e 
is the propagation constant. We assume from now on that for 
the dielectric substrate y iS pure imaginary, hence a=0. 
Later we shall see that for the ferrite subststrate, y is a 
complex number including both terms a and 8. 

The longitudinal components of the electric and magnetic 
fields can be expressed in terms of the scalar electric 


potential 6° and the scalar magnetic potential 4! as 


poe aes saa ix sy jie (1) 
i j i 
HZ. = Ke,“ on (xsyet? (25) 
oy 2 2 a a : 
where Ke, = K. + ¥ je=wl sc) detining the spatial 


regions of the structure (Figure 3). Using the two field 
expressions (1) and (2) together with Maxwell's curl 
equations leads to the transverse components of the electric 


and magnetic fields as follows: 





E © a0; ; at ye 
Xs = x 7 Jwu. ye e (3) 
h e 
Beene we ear ae mie, ey (4) 
j Y<9x i oy 
e h 
Ibs 3o+ 
_ i 2 i y2 
Ey. = { ay * Jun; aR) (5) 
h e 
ane a6: 
= oe goes pele. Y < 
Hy, ( ay wey ax? (6) 
ies es 


Applying boundary conditions at the interface between 
the dielectric substrate and the bottom wall of the waveguide 
(y=0), and assuming perfect conducting walls, tangential 


electric fields should be zero or explicitly writing 


EX, (fcn0lez ) s-0 (7) 


Epa Cea 0. (8) 


At the interface between regions 1 and 2, (y=D) the 


mancentidaleerectrie t1eld must be continuous: 


Ex, (SeeDez ) EX. fee Diez ) (9) 


Zee Kea 2) EZ, C7). (10) 


] 


The electric fields at the interface between regions 
Ieand = 2Zeexisteonly in the dielectric portion of the interface 


and can be written as: 





0 on strip 
Ex, (x,D,z) = 


See! W<X<A 


Oron strip 


Ez, (x,D.z) = C12) 


eile’ W<X<A. 


The tangential magnetic fields at the interface are 
discontinuous by the surface current densities, and assuming 
infinitessimally thin strip (can be considered as current 


sheet) the following boundary conditions can be written at 


y=D 
O W<X<A 
Hx, (x,D,2) - Hx,(x,D,2) = . «lee 
Ozieje = Sonestrip 
O W<X<A (14) 


ze U2) = wz X Cc) = 
2 ax(x)e’* on Stripe 
At the interface between region 1 and the upper wall of 
the waveguide (y=H) the tangential electric fields must be 


weyo Or eExolicitly writing 


| 
© 


Ex, (x,H,z) (15) 


Ez, (x,H,z) = a0. lis.) 


Substituting the field expressions of equations (1) 
through (6) into the boundary condition expressions of 


equations (7) through (16) yields the following equations: 





965(x,0) 995 (x,0) 
merge O°" Ty 
2 Se - 
ag5(X,D) 8g (X,D) 
1 9x et ay 
2 .e _ 2.e 
Kc, 91 (X,D) = KC. ¢5(X,D) 
e h 
ad 7(X,D) 364 (X,D) 
eras > eh) ay - 


2. -2e a 
Ke, 1 (X,D) = 


er ux W<X<A 
aen(X,D) «ag (X,D) 
ama te jwe | aaa re 
245 (X 5D) 9465(X 5D) 
i ae 2 —— ——_) = 
3x ay 
Ze h 2 nh e 
Ke, 9, (XD) es Keo 5(X,D) Eas 
e h 
OH) §- 9 944{X-H) 
i ri 
Ke,” 9S(XH) = 0. 


OPonestrip 
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ua econ Strip 


dx(x) on strip 


(17) 


(18) 


965 (X,D) 


(ag) 


(20) 


(21) 


(22) 


(23) 





Bis SPECTRAL DOMAIN TRANSFORM 
The scalar potential functions 5 and 6 Nustesatls hy 


Helmholtz's equations in the two spatial regions, thus 


2 2 e oe 
Rene.) 7O, xGy) = 0 (27) 
2 2 h = 
Ory ca) 5 tx.y) = 0 (28) 
where Ke = ae + ee = ce - 3¢ and vxy? is a two-dimensional 


Laplacian operator. 
As was suggested by Itoh and Mittra [Ref. 3] a Fourier 
transform was used in the a domain. The transform is defined 


by: 


F Coy (xsy)] = os(asy) = JS oi (x.y) eb®% dx (29) 


Since the structure is closed boundary, a finite Fourier 
transform must be used instead of the infinite Fourier 


transform. The finite Fourier transform is given by 





a 
FLCd,(xsy)] = @. (any) = i ogo dx (30) 
0 
where an = a 
and 
ex sy ) 
yl —s—] = - jon FLO; (x.y)]. ) 





By using equations (30) and (31), a general transform 


of equations (27) and (28) is given by 


96° (x,y) 966 (xsy) 9 
ae + m2 Pp eNCria i sy el = 0 SZ) 
y 


Umeexplicitly writing: 


a e (any) 
———— = 5 9, (any) (33) 
dy 
where y. = a + 32 - ie elec 


Equation (33) should be analyzed for both regions 1 and 
eeeandetne solutions will be the transforms of the electric 
and magnetic scalar potentials for both regions. 


Por region 1, 


2 2 2 2 2 
oy ae + 2. = Ky (34) 


2 = 20 Ecce 
Where Ky = 4)Fo%o Fe and g = ra 


Substituting Ky and g into equation (34) obtains, 


yye = a? + (SE)* [(AB)® - 17. (35) 
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A' is the effective structure wavelength and is related to 


the free space wavelength i by 


» 


> ae si AQ (oo) 
ree ett 





where eV age is the effective relative dielectric constant 
of the device, 
Since er, = 1 in region 1, equation (36) can be 


rewritten as 


Nee . (ooo) 
"frorff 





By using equation (37) together with equation (35) one can 


find that 


Therefore Yy is always a real quantity. 


Forereg ion 2: 


N 


n 
where Ko = w Yun, = cs YUrotro - 


By substituting K, and 8 into equation (39) one can obtain 


2 2 
2 2 2 r 
Yo = On = Ga) [ursers % a 


a (40) 





From equation (40) it is clear that Yo can be either 
a real or an imaginary quantity, depending on the value of 
an. 


Y9 will be imaginary for 


| 2 | 2 
2 ea [ursers zs (+7) < an < ou CLurstrs a (22) ] (41) 


and will be real for 


Z 
2 0 
= san < - aN unger, = (GP) 


(i 
Qn ur er 5 2 es < an < @ | (42) 


Xe) 2 r 


The last two equations should be carefully observed while 
solving equation (33). 
For region 1 equation (33) can be written as 
2 
ae, (an,y) 


9 = me @,(an,y) (43) 
ay 


and the solution has the form of 


@,(an,y) = A(an) cosh y,*y+ Blan) sinh y,*y (44) 


For region 2, two solutions do exist corresponding to 


the real and imaginary values of Yo: 
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For Y9 real, 


e5(ansy) = C(an) cosh YoY “—Dt(aen) sinh YoY (45) 


and for Y9 imaginary 


e,(an,y)=C(an)cosy, ver jD(any sin oe 


where = JY¥9 


(46) 


After knowing the solutions for o,(an,y) and eo(ansy), 


one can write the transforms of 5 5. oT My in both regions 


as follows. 


Region 1] D<y<H 
ef(an,y) = A°(an)coshy,(y-D) + B°(an) sinh y,(y-D) (47) 
h Gal h : 
@,(an,y) = A (an) coshy, (y-D) + B (an) sinh ¥,(y-D) (48) 
Region 2 O<y<D 
Cy (an) coshyoy - Dy (an) sinhyoy 2 (y5 real) (49) 
e = 
yy : 
C7 (an) cosy, y + jD7 (an) siny, we (y> imaginary) 
(50) 
Cy (an) coshyoy + Dj (an) Sinh YoY (y5 real) (51) 
ep(anyy) = 


Ct (an) cosy, y + 


jD7 (an) Sinys Ys (v9 


2) 


imaginary) 
(52) 





Siperservoec (e€) indicates the electric field case and 
(h) indicates the magnetic field case. 

All coefficients that appear in equations (47) through 
(52) can be determined by the boundary condition expressions. 
The above can be done by taking the Fourier transform of 
equations (17) through (26), substituting the field 
expressions for both cases of Yo: real and imaginary, and 
mma! ly solving for the coefficients. 


The following equations are obtained: 


Hyperbolic Case | (Y, - real) 

; e : h * 
-janyCy (an) - jwusy oD, (an) = 0 (ory) 
Ke, “Ce (an) = 0 (54) 

2a 
Ke, “A® (an) = E (an) (55) 
~jonyA° (an) - juuyy By (an) = EZ, (an) (56) 
Ke, “A" (an) . Kes [ch (an) coshy 5D + Dy (an)sinhy,D] = 

J (an) (57) 


X 


Ze 





~janyA"(an) + jwe,y,B°(an) - (58) 
en [e"(an)ecosh D+ po’ (an)sinh DJ] + 
Pn Y2 H Y9 


: jue sCyoCy(an)sinhy 5D + ¥oD4(an)coshy,D]} = J _(an) 


Kc FA°(an) = KeS£Ce(an)coshy 5D ~ Dy(an)sinhy,D] (59) 


- janyA®(an) - jouyyyB"(a) = (60) 
- jany[Ci(an)coshyD + Di (an)sinhy,D] 2 


= juuyyylCy(an)sinhy 5D + Dj} (an) coshy 5D] 


: jany[A°(an)coshy, (H-D) + B°(an)sinhy,(H-D)] 2 eos) 
- junyy, CA" (an)sinhy, (H-D) + B" (an) coshy,(H-D) J = 0 
Ke4[A® (an) coshy, (H-D) + B&(a)sinhy,(H-D)] = 0. (62) 


The coefficients for the hyperbolic case are obtained 


as follows: 





Cu (an) = 0 (63) 
E (a ) 
AS(an) = eee (64) 
Key 
Dy(an) = 0 (65) 
ee 22 Oe (an) a Can) fen 
(an) wnyry ke, N Jonyy x , 


ZS 





e 1 
Di (an) = tae en (67) 
Kc, sinhy oD 
Cian) = - = E_(an) + ee (an) 
Key “wuyrysinhy,D 7 eno BONY ODE A 
(68) 
ctghy, (H-D) 
e 3 ] 
Bv(an) = - Sa eae Ean) (69) 
] 
ae ' ansy-ctghy, (H-D) lay ctghy, (H-D) 
an) =? CEL) - J 2 n 70 
wuyrykey* 7 wuy yy a 


When substituting equation (63) through (70) into 


equations (57) and (58) one can form two sets of equations 
phy n,8)# (an) + F We en g)z_(an) = J (an) (7p 
lee x 2 Bera X 


et 


an,8)B (an) + Fa (an,8) 5, (an) = J,(an) (72) 


3 


Om in Matrix form 


FM(an,8) -Fy"(an.a)| | 2 (an) J (an) 

= (73) 
iF Hoan 8 ) Ep Han a) ie an) J eno | 
3 ; 4 ; z Z 


where y = jB. 


The elements of the matrix veal are given as follows: 
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: Ke, “ctghy,(H-D) — Ke,*ctghy 5D 
| a) 
ae mace 


_{angctghy, (H-D) a Bctghy,D 
Fo" (an,8) gene eat ee (75) 
F,"(an,8) == Fy" (an,8) (76) 
F | (ans)*ctghy,(H-D) wey, ¢tghy, (H-D) 
et er ee (|) 
- 2 2 
wu yy 1Ke, Key 


2 
wesyoctghyoD : (ans) ctghy.D | 
2 e 


Ke Ke 


2 
2 eee? 


The same method can be applied to the trigonometric case 


(y>5 imaginary) and the following equations are obtained: 


Cr (an) = 0 (78) 
Dr (an) = 0 (79) 
e : : ] 
Dr (an) oe a ee E,(an) (80) 
Keo sInys D 
Co(an) = a EF_(an) - j ete ey (an) 
v Ke By "siny,"D 7 wu "siny,"D 
2 mace ee ety 2 
(81) 
2 il - C tT 

Kc, A" (an) - Ke, “[Ct(an) cosy, D+ jD7(an)siny, D] = 

=) (an) (82) 


X 


Zo 


enn lean) + jweyy,B° (an) - janyCt(an)cosy,"D + 


(SS) 
+ weyyo"Dr(an)cosy,"D = J, (an) 


When substituting equations (69), (70) and (78) through 
(81) into equations (82) and (83) one can obtain the matrix 


form 


Fy (an,8) Fo (an,8) FE (an) J (an) 


(84) 


F3(an,8) Fa(an,8) F_(an) foes) 


where again y = j8 


and the elements of the matrix tet are given as follows: 


: Ke ; “ct ghy, (H-D) Ke ctgy5"D 
Fy (an,8) eS emer sr (85) 
eal 2 
angctghy, (H-D) angctgy,"D 
F'(an,s) = § | - ——__4— ie) 
eral ae? 
F,'(an,8) = - F,'(an,8) (87) 
Fal(an,a) = j | Lg —_ - 1 4 - (zs) 


wuyryke 4° Key 


(ang) @ctgyy"D WEnY_'Ctgy, D 
7 2 " - 2 
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Expressions (73) and (84) can be written in a general 


fonm. as 


Hee Hy 


Fy (an,8) Fo (an,8) EY (an) J, (an) 
= (89) 
Fa? (an,8) - Fa’ (anya) EB, (an) J,(an)| 


from which solutions to By (an) and zB (an) in terms of J, (an) 


and J,(an) can be obtained as follows: 


T (90) 
E (an) = J, (an)Fa'?) (ana) : Zaem Gg Calise) 


s Seine oe enero ts (ans) Fs fone) 
1 4 2 3 
ee 2 J (an)Fz"?'(an,8) + z (an) +Fr?! (ans) 
E_(an) = 
Z F,"?' (anya) Fa? (an,8) ae FO? (an,8)*Fa’ (an,8) 
(91) 


Define the following terms 


DN = FIP! (an,8) Fars (an,B) - Fo? (an,8)F3’ (an,8) (92) 
ot cae 
Ti _ 4lan,8 
"I (an,8) ~ — DN ae 
Eee 
yi st - 2(an,8) (94) 
2(an,8) DN 
Fa(an,s) 
H,T . ~~ 3lanse 2) HT 
M3(an,8) DN ar ee i: 
F sl ona) 
mH ,T = fly. ae (96) 
4(an,8) DN 


ey 





which lead to the final expressions 


ea 


EY (an) = M, (an,8) Jy fan) + My (an,8) Jz an) (97) 
E,(an) = Ma?) (an,8) Jy (an) + Ma? (an,8) J, (an) (98) 


x DETERMINENTAL EQUATION 

Nothing seems to be gained so far since neither the 
electric field and the current density components nor their 
transforms ore known. In order to simplify equation (97) and 
(98), the method of moments [Ref. 4] is applied in the 
Spectral domain. Define a scalar product over the domain 
-~<an<e according to reference 6 as 


n= 
<a(an),b(an)> = >. a(an)+b (an). (99) 
n=-0 
Thus when applying this concept to equation (95) and (96) 
and choosing a(an) = BY (an) or J fan) and b(an) = J (an) or 


J fan) respectively, one can obtain 


cml (an,8) z(an), sy(an)> + <Mh?'(an,8)z,(an)sz,(an)> = 0 
(100) 

MNT (an,8)7,(an)o,(an)> + <Mg?'(an,e)s (an) .z,(an)> = 0. 
(eles) 
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By using Parseval's theorem it can easily be shown that 
the right hand side of the above two equations is equal to 
zero, due to the orthogonality of E,(an) and Jo(an), and 
E (an) and J (an). 

In general, one can expand each current density component 


iieae set Of basis functions such as: 


d(x) = We. ee) (102) 
k=1 

aed a, 9.0 (x) ns (103) 
k=] 


In the following analysis, one term approximation is used 
Since it was found to be less complicated, without much 


degradation in the accuracy of the final results. 


So with 
t 
J,(an) = Bal ta) = a,f,(an) (104) 
and 
J (an) = F{ag-g,(x)} = ao°g, (an) (105) 


equations (100) and (101) become 


ay yD My? (an.8) 1g, (an) |? + a > M5?! (an,8) 


Nn=-+0 nh=-a 


(106) 
f (an)g (an) = 0 
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Aull . H,T ; 
mre (an,8)g (an) fi(an) + a, 2 My’? (an,8) 
n=-0 a) ae 
(107) 
a 
eetccth) | = Q. 


From the geometry of the device (Fig. 3) and the loca- 
tion of the coordinate system it is clear that all choices of 
current density distributions, Jo(x) and J (x), are neither 
even nor odd functions. 

Each current density distribution can be expressed as 


a linear function of even and odd functions as follows: 


ee ats. (x) + fh, (x) (108) 


Bede ayiges(x) + a0) (x)] (109) 


When taking the Fourier transform of equations (108) 
and (109) then according to reference 7, the following 


transforms are obtained 


J_(an) = ailf (an) (110) 


; oye ee Ute one erat 


J (an) = a,fg (an) + jg, g(an)] = apg (an). (111) 


In order to solve equations (106) and (107) for the 
non-trivial solution, the determinant of the coefficient 
matrix should be set to zero for all sets of physical para- 


meters, at each frequency of operation. The above can be 
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achieved by finding the appropriate g that satisfies this 
requirement. From that g the dispersion characteristics of 
the device can be calculated. 


The determinental equation has the form of 


we 


My? (ansa)|g, (an) |? ; De Ma? (ans8) |, (an) [° - 


Nn=-a2 Nn=-+oa 


(an)}- | S> M9?! (an,e) 


n=- 


risa ce 
mime >” (en.8@) - fi(an) g, 
fc 


g,(an)f (an) { = 0 2) 


By investigating equations (93) through (96) one may 
observe that M,(an,8) and M,(an,8) are even functions, while 
M,(an,8) and M4(an,8) are odd functions. 

Using this information together with equations (110) and 


(111) leads to the final expression of the determinental 


equation 
, ~ ee 9 
> My?! (an,g) ogo : Ma (an ,8)|f,(an) | I 
n=-« ieee 
co 2 
‘| SS My?! (an,8) > Blan) ; ane 
n=-a2 

wie re 

eee fa (an) ©) (en) foolen) - g,.(en). (114) 
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In addition to the requirement that the determinant of 
the coefficients matrix should be set to zero, one can see 
imeem Cguations (106), (113) and (114) that the ratio of the 


two coefficients has the form of 


Z 2 
> My? (ans) 1g, (an) | 
4 
B N=-2 
% 


Ss Mo? (an,8) B(an) 


= =a CO 


Since the expression in the brackets is a real quantity, 
it is well understood that there is a 90° phase difference 


(in time) between the two current density components. 


De CURRENT DENSITY COMPONENTS 

After the determinental equation was simplified as shown 
in equation (113), the two current density components Jo (x) 
and J (x) were approximated, thus that the equation could 
have been solved. Various one term approximations were 
investigated and the set of components that was chosen to be 
substituted in the determinental equation was the one found 
as the best approximation of both current distribution 
components. 

The approximated current density component in the 


z-direction has the form 


a,e on) the sitrip 
ex) = (116) 


0 elsewhere 
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and in the x-direction 


ay COS mr on the strip 


I(x) = 17s 
0 elsewhere 


The two current density components are shown in Figure 4. 


G 
3 (no scale) 





Wwr2 W 


Figure 4. Longitudinal and Transverse 
Current Density Components. 


It is clear that the ratio a,/a, = A = 8510 


8 

indicates that most of the current that flows in the z-direction 
is concentrated at the right edge of the strip [Fig. 3]. On 

the other hand the choice of J (x) indicates that there is no 


current in the x-direction at the right-edge of the strip. 
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Computer output indicated a frequency dependent of the 


ratio a,/ a as shown in Figure 5. This curve was plotted for 


D =0.125" w = 0.45" «. = 16 and a, = 10719, 


"Say 


I80 


FREQ (GHz) 





Figure 5. Ratio of the Maximum Current 
Density Components 


From Figure 5 one may learn that the transverse current 
component on the strip increases relative to the longitudinal 


component, as the frequency increases. 
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The Fourier transforms of the current density components 


are given as: 


205 janx 
J_ (an) = aje e dx = a,°f,(an) = (118) 
aoe Ocosanw-1) ~ a Ome nant 
= a eee 
] 20 2 Z 
a) + (on) 
eames cosanwe1) + Ce ea enn 
7 
20 
(ae) + (an) 
J (an) = | a cosa eJanw a5.9,(an) = (119) 
0 
t_ cosanw 1 
= a5 2W 5 - a aa Sinanw + an 
T Z 
om - (an) (a ean) 


where the even and odd components of each transform can be 
identified by refering to equations (110) and (111). 

After substituting equations (118) and (119) into 
equation (113), the determinental equation was programmed into 


Fortran language and the root g that set the determinental 
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equation equal to zero, was found by an iteration method on 
agedigital computer. From the value of 8, A'/A could easily 
be calculated. 

Figure 6 shows: 

es Computed and measured A'/dA vs. frequency for 

Dr 0. Vaio, Wo=0.45", ea 16s 
oe Computed A'/a vs. frequency for D =9.025", 
w =0.45", Ee. Salley. 
Somumecurves are plotted for A = 0.9", H = 0.4". 

It can be seen that there is a good agreement between 
experimental and computed wavelength ratio. The highest 
deviation is on the order of 10 percent which can be attributed 
largely to the experimental apparatus. 

One can learn that the wavelength's ratio is directly 
proportional to the dielectric substrate width, which implies 
that the fields are more confined in the dielectric substrate 


as its width decreases. 


ee AVERAGE POWER FLOW 

For later discussion of the characteristics of the device 
built on ferrite substrate, a perturbation technique is used. 
One of the entries to the perturbation expression is the 
average power flow in the device built on a dielectric 
substrate. 

A general expression for the time average power flow in 


the direction of propagation is given by 
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SHIELD DIMENSIONS— 
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Fiqure 6. Computed and Measured Dispersion Characteristics 
mom 0 = OJ025 a= 0.45" and )-="Jei25" 
Wo= 0.45" with eae ice 


oy 





Pave = z re JJ (ExH da (120) 


an 


* * * 
Since (ExH ae = ExHy - EyHx 


and da = dx dy 


then equation (120) can be rewritten as 


Pave = - 5 Re Jf (ExHy. - EyHx”) dx dy (121) 
s 


The minus sign was added in equation (121) to make the 
result positive (recall propagation in the -z direction was 
assumed). 

Both the electric and the magnetic fields are known in 
terms of the scalar potentials Be and 4” thus substituting 
equations (3) through (6) into equation (121) and using 


y = j8 for the waves traveling in the -z direction, leads to 


the following expression 


wad AD euth sony caatll sued 
Beave =-GRe ! (a - jon, sy") ( - = Jee x + dle a) dxay + 


26% 26% . a¢5 
jaa + jauj>,) (ie5— + jwe; sy) dxdy (122) 


aa 2 





Sipsertoc 1 denotes the spatial regions, air and dielectric 
Substrate respectively, for which equation (122) must be 


evaluated. 
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The total average power flow in the device is the sum 
of the spatial power components that flow both in the air and 


in the dielectric substrate as shown in the following equation 
Paver oy = P,ave + Poave (123) 


Applying Parseval's theorem to equation (122) obtains 


co 


] 2 2 2 
rae = - a Re ) - an we, |e (an,y)| - (124) 
erey 
2 go. 4an, ¥ 
2 h > 
= SON] wBu.|o.(an,8)| - FSS | aor = 


2 
a¢2(an,y) oo aof (any) 
A Seles sy a - jans ay 


e 
9. (an,y) 
epee ks 7 


h 
1 dy 


: Jank, ] ay 


* 
h* 962 al 
cee) 


The limits of integration depend on each region and are 
f for region | and f fOr region 2. 
D 0 
After obtaining the general expression for average power 
few, one Can apply it for both regions. 
Reicaiimecduations (4/7), (48). (64)5 (660), (69) and (70) 
and have the first two modified, the following equations can 


be obtained 


ce 





=i 


oo (an,y) = A (an) sin veya Giza) 
h -h 
e,(an,y) = A (an) cos Rive Lyte) (126) 
-@ E(an) 
A (an) 2 (127) 
Key sin hy, (D-H) 

(128) 
-h ; angZ_ (an) 1 
oS = Ban) ) Soy, sin fy, (-F) 


After using the modified expressions for 65 (any) and 


of(an.y) in region 1, and integrating with respect to y, 


one can obtain 


Piave 


E sin h2y,(H-D) 
ar Re , w8 5 - (129) 


n=- 


-e 2 -h Z 
4-0) [ane (an)| + vq ou IA (an) | + 


sinh2y,(H-D) 9 -h 2 
we | ————— + (H-D)}Janu,|]A (an)| + 
2y1 1 


9 -e 2 978 -h* 
Yy e,/A (an) | + jan |1B°A (an)A (an) - 


97e* -h 
Ky A (an)A (an) sinh2y, (H-D) 
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In region 2, there are two expressions depending upon whether 
Y9 is a real or imaginary quantity. As in region 1, the 
integration with respect to y can be done analytically, and 
the following equations are obtained. 


Bor Y9 real, 


Poave,, = - Re » | us| anep ofan)? + (130) 


n=-© 


Sinh2y D 
2 h 2 
+ 122g lian) |?| | pree - | + van wo[Cy(an)|~ + 





a he 2| { Sinh2yoD 2.@ h* 

+ ¥9 €9|Dy(an) | | = + D| + jan |B°Di{an)Cy (an) - 
Zee h : 

- K, Dy (an) chen) sinh 2120 


and for y, imaginary, (y, = ) 


7 Z 
> 2 e 2 fac 
Poaver = ir Re 8 fa e,|Dr| + ¥5 Yo/Cr| | ee 


n=- 


Sieve D ec 
2 2 h 
in2y."D 
RZ e, 2 pane 


Be s?0gct* + Sctoe | sinev,"9} 


4] 


= 





Dy(an), Ci(an), DF (an) and Cf (an) are given in equation (67), 


(68), (80) and (81) respectively 
The total power in region 2 becomes 


Poave = Poave, + Poaver (V22)" 


Detailed development of equations (129) through (131) 
is given in appendix A. 

Curves of a-domain power distributions for regions 1 and 
2 are shown in Figures 7 and 8 respectively. The ratio of the 
power carried in each region to the total power carried in 
the device for various parameters, is plotted as a function 
ofeitrequency in Figures 9 and 10. 

Several facts can be studied from the graphs. 


(a) The amount of power carried in each region is 
frequency dependent. 


(b) As frequency increases relatively more power is 
carried through region 2, the dielectric substrate. 


(c) Relatively more power is carried through region 1] 
as the permittivity is lowered. 


(d) In the low frequency region, more power is carried 
through region 1 as the substrate thickness increases. 
At high frequencies the power carried in region | 
approaches the same value, for all values of 
substrate thickness. 


(e) As strip width increases more power is carried 
through region 2, the dielectric substrate, 
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P («169) 





Figure 7. Average Power Distribution in Reqion 1 Vs. 
fuenctor f = 4etee 0 -— 0-125", VW = 0.45", 
oe = NOs 
e 


o 
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Figure 8. Average Power Distribution in Region 2 Vs. 
n (an) for f = 4GHz, D = 0.125", W = 0.45", 
So: Ore 
r 
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POWER RATIO 
P, - power in free space region 


P. — power in dielectric region 








D Ccm) 
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Figure 9. Average Power Ratio in Regions 1 and 2 
VS. Frequency tor ae oe 
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POWER RATIO 
P, — power In free space region 


.§ 
P — power in dielectric region 
se 
ea oe Cas = 
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Figure 10. Average Power Ratio in Regions 1 and 2 
Vs. Frequency for ee : 
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IIIT, PERTURBATION ANALYSIS OF EDGE-GUIDED 
MODE ISOLATOR ON FERRITE SUBSTRATE 


A. PERTURBATION EXPRESSION FOR PROPAGATION CONSTANT 

Perturbational analysis is used to determine solutions 
for perturbed problems slightly changed from other problems 
to which solutions are known. The study that was done up 
to this point obtained a solution for the propagation 
constant of an electro-magnetic wae traveling in a struc- 
ture as shown in Figure 3. The goal of this study as was 
Stated in the introduction, was to investigate the character- 
istics of waves traveling in the same structure as shown in 
Figure 3 but built on a ferrite substrate. This goal could 
be achieved by using the perturbation approach considering 
the dielectric case as the unperturbed problem, and the 
ferrite case as the perturbed problem. 

A perturbational expression for the propagation 
constant due to small changes of a material type in a 


aimdance structure 1S given in reference 8 as 


je 1 [(e Lax, JE'°E*) + (ug lax, Ht -H*)] ds 


a 52) 


rr (E*xH' + Ee ecg. ds 
5 


where primes denote perturbed quantities. 
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When external magnetic susceptibility is used, and 
assuming that the dielectric constant remains unchanged, 
hence [axe] = 0 then unperturbed magnetic and electric fields 
are used instead of the perturbed ones, and equation (133) 
can be rewritten as 


oui C7 .H-A- ds 
ju, £ UX 
A 


ee + ve a arr aee (134) 
Sf(E*xH + Exile leds ds 


In the above equation the following notations are used 


aaa eB | perturbed propagation constant 
y=at jp unperturbed propagation constant 
AS cross section of waveguide which is 


perturbed by a change of the 
material type 


S waveguide cross section 

Xo external magnetic susceptibility tensor 

H and — unperturbed magnetic and electric 
fields 


The external D.C. magnetic field is applied perpendicu- 


lar to tie direction of propagatiom as shown in Figure 11. 
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Note: the upper wall 
of waveguide was 
removed. 


© fee . 
e . e e 
etee . 
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conducting 
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@ .* ote * 0° 
A oe 
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external D.C 
manetic field Hoy 


Pirqure Jil. Shielded isolator Structure. 
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pecoraing to reference 1] the limes of the magnetic 
field lie in Z-X plane hence an interaction between the R.F. 
field and the ferrite results when the D.C. magnetic field 
is applied perpendicular to Z-X plane. 

The direction of the applied magnetic field implies no 
R.F. demagnetization in the y direction. Thus the external 


magnetic susceptibility tensor is given by 


ye ys 
ee ee 
é XXaXax XZaXaZ 
heed aea0 0. 60 hf iecoy 
7 x - - 7 x - - 
0 Zxazax ZZaZaZ 
Xx X77 


* 


and the integrand in the numerator of equation (133) can be 


explicitly written as 


J a © * 
Bean = Paty Neeru : ees ss eee (136) 


The denominator of equation is simply 4Pave so one can 


rewrite equation (134) as 


(io) 
; i eee oe OH +, CHO Vidxd 
ant Xyyx I Ty ae uz, Xy2rz yxy “Xz2x"x"z y 
ey Jou 
: 4 Pave 
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B. MAGNETIC SUSCEPTIBILITY TENSOR ELEMENTS 
According to small signal approximation of the equation 


of motion in reference 8 two frequencies can be defined as 


oo * (w, - ay Ot N, Wn) SW es ies (138) 

a= (w, - Ny Wan + Ne Wn) Tiga Gas (39) 
where 

ne yHoy 

ieee = y4nM. 


y =1.4+g[MHz/oe] =0.879-g[Mrad/oe] 

g = Lande' factor (* 2) 

oy =—dppliied D.C. magnetic field in y direction foe] 
4nM. = saturation magnetization [Gauss] 


N oN N_ = Demagnetization factors (in this case 


Wa ez 
esau aeeOe Ny = 1) 


Define the ellipticity of the normal modes of the 
mnirorm orecession [Ref. 8] as: 


e =4/— (140) 


as 


5 





The Landau-Lifshitz damping factor is defined in 


reference 9 as 


a = yAH 
2u) 


where AH is the line width of the ferrite. 


imeenis study the el] lipticity e, is equal to 1 and 


» so by taking 


ee oo i 


and knowing that [Ref. 8] 


Xyz Xz 


then the susceptibility elements can be expressed as 


2 Ce 
Bee Cee ) + wpw,w 2 


' = ' = won lo, 7 vw” (140")] 
X yz ~~ X zx ~ J A 
: _ | - eu WY pt 
cee CY A 
and 
= [w." rae ie + aw wea” 
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(141) 


(142) 


(143) 


(144) 


( 145} 


(146) 


(147) 


(148) 





Since gee ok and oa = then one can simplify 


eZ Xzx 


the perturbation expression given in equation (137) as 


follows 


A 
2 2 
FE xyy CLHX! aia ee *Xy7 (HH eH, *H,) 


0 
0 4 Pave ey 


oN Oo 


fj ¥" = jou 


Cc. COMPUTATION OF PERTURBATION EXPRESSION IN THE 
SPECTRAL DOMAIN 


In order to solve the perturbation expression [Eq. 149], 


the magnetic fields, H. and H were substituted in terms of 


X 
the scalar potentials as follows 


*  juu, ODA 965 (XY) 865 (xy) 7 
a apaye a Reed a ee si Ie 2 aac (150) 
ey) 26s ew) Ritalin) 

GA aa JWEs ayaa) + Keo oo(x,y)] 35 
96% (x.y) 365 (xy) 
2h DS DR! oe 


Pe ei Ke5a6 5 (x) (418 —— ee Je 5) Ay dxdy.. 


The upper and lower signs denote waves traveling in negative 
and positive z-directions respectively. 


Apply Parseval's theorem 


° nN=-0 D 9 (151) 
gee Je? Rest 
' = 0 
Y Z ey z 4PaveA eee On + KC 5 )|en(ansy)| + 
= -0 O 
S(ansy) §(an,y) 
ao5(an,y 96>5(an,y 
- . h 2 h* 2 
+ jsanue o(%5(an,y)———— - 5 ee) nya + 


oe 





e 2 
+ ote. 2 208lan.y) (151) 
N= ae 


e 

2h h* ees 

- 2x, ,Keoeo(an.y)[+8ane, Caney) = jwey—so] dy. 
The integration with respect to y was computed 

analytically for both regions where Y9 is either a real or 


an imaginary quantity. 


Recall equations (49) through (52) 


h 
Clan) COShey.5y y, real 
on(ansy) =) : : 
Can) cosy,"y Yo imaginary 
2 D© (an) coshyaoy real 
35 (any) Y2"H uy ie 
oy ¥o"Dr(an) cOSy,"Y Y9 imaginary. 


Substituting into equation (151) for both hyperbolic and 
trigonometric cases, and integrating with respect to y, one 
can obtain: 


For the hyperbolic case 





(aliSi2 } 


g 


: N=-0 : 
jwu Sinh2y oD 9 h 2 
2 Ve + Ke 5) | Ci (an) | + 


, 7 2 
eV" “spayed [ 2Y5 eure en 


==_—6 


oes el 
ts wees v9” | DE (an) | ct jeanwyey(Cy (an) Dy (an) 


- Ct” (an) Dy(an)] - 


sinh2yoD 


* 
z 52x, Keo “uw EY oDy (an) Ch (an) + 


2 
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And similarly for the trigonometric case 


(153) 
er — sin2y, D > 2 pe : 
Y * Y * 3PaveA Peal ae ee eS ae! 


ze " 
+ wre y5"* (DE (an) | + Banwenyo (C7 (an)D2" (an) + 


+ 


cP (an)D$(an))] - 


9 es h sin2y, D 
- ee Kc> WEDY9 De SUN UG pres a : 


De COMPUTATION OF NORMALIZED PHASE CONSTANT AND ATTENUATION 
The perturbed and unperturbed propagation constants have 


the form of 


Pe aia (154) 
y = j8 (a = O for dielectric case) 


Thus the left hand side of the perturbation expression is 


equal to 
yee aia' + jie + (-ja) Sitaeaeaiiae—re) (155) 


Using equation (155) one can obtain 


Jwu, 
a + j(e' - 8) = geo 57k, + jl, (156) 


N=-0 
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Figure 12. a) Attenuation and 
b) Normalized Propvagation Constant for Waves 
Traveling in +Z and -Z Directions for: 
AH = 75 o8,, Hy c 1916.3 oe, 
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a) Attenuation and 
b) Miewmalized Propagation Constant for Naves 
Traveling in +Z and -Z Directions for: 


Figure 13. 


AH = 750e, H C = 2271.420e, 
anMS = 1200 Ba%g = 1.99, eee 15H 
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(b) 


Figure 14, a) Attenuation and 
b) Normalized Propagation Constant for Waves 
Pravelings1ne+2 and: =7 Directions for: 
AH = 75 oe, Hy C7 2628.6 406 , 


AnMS = 1200 Ga,g = 1.99, eee ace 
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Or 


ce 


WUG 
[6 C«#Pave=n ) ne (157) 


n=- 


co 


' a0 
Eee eee nie + 8PaveAeB ) } Re (158) 


n=-@ 


Detailed development of the last two equations is given in 
appendix B. 

Figures 12, 13 and 14 were plotted for three different 
values of external magnetic fields Hoy, hence for three 
different resonant frequencies. 

Several facts can be studied from these plots. 

an The ratio of backward to forward attennuation is 

very large, as required for an isolator. 

De Both backward and forward attenuations increase 

as the resonant frequency increases. 

Cc The ratio of backward to forward attenuation 

increases as the resonant frequency increases. 

di. The bandwidth of the isolator is determined by 

the ferrite linewidth. 

e. The normalized phase constants in both directions 

are frequency dependent and exceed high values as 
approaching the lower side of the isolator's 


bandwidth. 
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The region of negative values of normalized phase 
constants was not investigated, thus at present no explana- 
tion is obtained. .Hopefully laboratory measurements will 
indicate whether it was an error due to the inherent 
approximations of the perturbational technique, or how large 


are the deviations from the correct results. 
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IV. COMPUTER PROGRAMMING 


The computer program that was developed for this study 
was written in FORTRAN IV language and has three major steps: 

. Computing wavelength ratio \'/i, for waves traveling 

in a device built on eM elera | Cpsitis tied te ein gies 

2% Computing power flow in a device built on 

due lecunie substrate - 

Se Computing normalized phase constant gF/8, and 
attenuation in db/cm for waves traveling in a 
device built on ferrite substrate (Fig. 3). 
These computations were done for both forward 
and backward directions of propagation. 

The computations of the wavelength ratio in step 1 were 
made by finding the root g8 that solved the determinental 
equation (113). First, equation (113) was solved for an 
arbitrary value of 8, and then, by the use of Newton-Raphson 
iteration method, 8 was computed until the change between two 
ee scein two successive iterations was in the 6th or 7th digit 
after the decimal point. From the value of the last 8, 

A'/rX could easily be computed. 

In step 2 the power flow was computed for both hyperbolic 
and trigonometric cases, depending whether Yo was a real or 
imaginary quantity. The computed 8, and the coefficient ratio 


a,/a, obtained in part 1, were used as entries in part 2. 
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In step 3 both power flow and computed 8 were used as 
entries. This step was executed twice each time for waves 
eraveling in both directions. The output of this step could 
be obtained for only one value of the following parameter at 


each run: 


Ferrite linewidth 

Applied D.C. magnetic field 
Saturation magnetization and 
Lande'-g of the ferrite. 


All three steps could be calculated for different 
values of frequencies strip's width and substrate's thickness 
in one run. 

The required input data to the program is given in 
Appendix C. 

The limits for all summations in the program were chosen 
med trial and error method, since there were no definite 
limits that could be pointed out. 

The upper and lower frequencies of operation are bounded 
as follows. 


Lower frequency is bounded by the strip's width such as 


A.max 
4.fers 
or 
fo. = ——— (160) 


min aulerg 
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Approximated upper bound was applied according to 
reference 10. This reference discusses the case of a 
rectangular guide with dielectric slab perpendicular to the 


electric field as shown in Figure 15. 


_— 





Figure 15. Waveguide Filled with Dielectric 
Slab Perpendicular to the 
Electric Field: : 


The guided wavelength is given as 


ro 
ee (161) 
ery A 
- (5%) 
D er] 2A 
er 


The cut-off wavelength of this guide is the one that set 


the denominator equal to zero, so from equation (161) one can 








obtain 
a) 
ad Za (162) 
ie ae 
r2 
and 
a C (163) 
¢ “o min 
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Ven CONCEUSIONS 


In this study: a theoretical analysis of a model for a 
shielded edge-guided mode isolator was presented. 

The analysis was based on a complete solution for an 
unperturbed problem (the dielectric case) and then by the 
use of a perturbation technique, a solution was derived for 
a perturbed problem, (the ferrite case). 

Final results indicated that above and below the 
resonant frequency the forward attenuation is very low - 
negligible, while the reverse attenuation is high. These 
are good regions in which to operate as an isolator. One 
result which is still unexplained is that the normalized 
phase constant is negative in the frequency region above 
the resonant frequency. 

A computer program was developed for all steps of the 


theoretical analysis. 
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APPENDIX A 
AVERAGE POWER FLOW IN REGIONS 1 and 2 


Equation (129) indicates the total power flow in region 


h 


lime gn Order to solve this equation both AS and A” should be 


known explicitly. 


Recall 

- E (an) 

el (A-1) 
Ke, sinhy, (D-H) 

Zh ; ange (an ) 


] 
Av(an) = - j[—— s— - FL (an)] = (A-2) 
Kot X wuyyzsinhy, (D H) 


EB, (an) = My? T(ans8)e, (an) as Mo?! (an,e)J, (an) (A-3) 
B (an) = WM"?! (an.8)e (an) + My"? (an,a)e_(an)  (A-4) 
aon 3 as X 4 ? Zz 

cance my?" (anys), He? Gree Ma"?! (an,g) and 


Ma?! (an) are imaginary quantities, one can define 
Myo?! (ans) = jm,"?" (ans) 
Mon?! (an,8) = jmy"?'(an,8) 
(A-5) 
Ma?" (an,8) = jm"? '(an,8) 
eeu eLaaill 
Man?! (ane) a Jn (an,8) 
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Furthermore, referring to equation (115) one can assume 
tenia & ao is a real quantity and ay is imaginary quantity. 


So one can write 
a, = jay (A-6) 


where ay is real quantity. 
SUpSticutcing equation (A=5), (A=6), (110) and (1171) 


into equations (A-3) and (A-4) one can obtain 


z, (an) = Exon? + Se eae (A-7) 
EB (an) = eal + dean (A-8) 
where 
a 
BL. (an) = a,f- — m,"?"(an,a)ga, (an) - (A-9) 
] ay 
- my?" (an,8)f,,(an)] 
Brae HT 
ay (an) = a) ae my >= (an, 8} g_(an) - (A-10) 
2 ay 
- mo"?"(an,8) f,5(an)] 
Eee ot) a,[- ~2 ma"? (an,8) Ge vam) = (A-11) 
] ay 
> man?! (anys) fo.(an) J 
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TT anse)g (an) z (A-12) 


an,8)f, (an) ] 


and 


yo mt eT (ans )B(an) 


N=-0 


en act 3 (A-13) 
yom (an.e) 19, (an) | 


n=-2 


cm 


wi 
— 


After investigating equations (A-9) through (A-12) it 
could be seen that z (an) and ey are even functions, 
while ee and Pe were odd functions. Substitution 
of these functions into equations (A-1) and (A-2) led to 
explicit expresions of A° fan) and 5 eee hence the power 
flow in region 1 could be calculated. 

heotsecilear that the power flow in region 2 for both 
the hyperbolic and trigonometric cases could be calculated 
in the same way since the coefficients Dy (on), Ci(an), 

DF (an) and Ct (an) are functions of B (an) and Ean) which 


their explicit expressions are given in equations (A-9) 


through (A-12). 
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APPENDIX B 
NORMALIZED PHASE CONSTANT AND ATTENUATION 


As was stated‘in equation (157) and (158) 


WH a 
7 * > BPaveA > Th (B-1) 


n=-0 


uae mi 
s'/8= 1+ apace DY Re a 


N=- 


So in order to calculate a' and 8'/8, both I_ and R- should 
be known explictly. 

For the hyperbolic case, equation (151) had to be divided 
into real and imaginary components. 

Recall equations (67) and (68) and substrate equations 


(A-7) and (A-8) for & (an) and Ez, (an) one can obtain 





xX 
? “in (an) (an) J (B-3) 
es = ie + + = 
C4 (an) WUgYoStnhy oD tL Ke 2 29 on 2M an ) 


2 





Ba 
eee 20) eee 
Ke 5 ] | 
De(an) = [z, (an) + jz, (an)] (B-4) 
KC, sinhy 5D ] 2 
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Substituting equations (B-3) and (B-4) into equation 
(152) and separating to real and imaginary parts, the 


following equations are obtained 











g-an® “7 Ken aan 2 
RI, = —y—y — L- B88 (an) +, (an)] + (B-5) 
] we K 2 Z5 Xo 
Ee 2 
Ban - 
Pa z, (an) - EB (an)J] } + 
Kc, ] = 
On en 0 ¥ 
+ =_ [z an) eee (an) + 
Ke 4 Z Z 
Z 
= 2Ban poan [z, 2 (an) +P ften)] B 
coe, 1 a 
- z, (an)zy Can )i== zo ae ode 
S 
2 
RI, = — [z, (an)z_, (an) - Bg (an)z_, (an)] (B-6) 
a ee 25 Xo 21 
ctghy.D Ke roe 
RE = [4 + —3_][ SX rt, + M2 a1] (pen) 
.f sinh y5D 
ctghy D a u 
Im = [——4 + —9,—_][- RI, - 42 RI,]  (B-8) 
oi sinh”y,D 
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Similarity for the trigonometric case the coefficients 
Cr (an) and D> (an) can be expressed in terms of B, (an) and 


E, (an) as follows 


ch(an) = ——L——_ (88%) (an) - B, (an)] +  (B-9) 
WUoyosinysD Key 2 





+ j[- 3, 8, (an) + 2, (an)]} 
Co ] ] 


De(an) = - j—s—-F , (an) (B-10) 
Ke . siny5D 


and both the real and imaginary parts of equation (152) have 





mie form of 
oane Kor ee 2 
RI, = {[ BE. (an) -#. (an)] + (B-11) 
] Ty Ke 2 Z 5 Xo 
wat? 2 
Ban 2 
+ [- 282) (an) +2, (an)] } + 
| Z X 
Ke’, ] 
Be . 2.8 
: ein. - (an ee 
4 z 
Ke 2 
2 
+ cBan (San Cz, ef on) + #°(an)] ja 
Kc, KC ] 2 
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Rie = = LE Con ean eae Cane (an) | (B-12) 
2 Uo x1 29 Xo Z 1 
toy 5D he ae 
Dae: ee | 
Re = [yo + [> R1, + 3% RI] (Seda) 
Sin YoD 2 
Gugy Ly) a uu 
a ea 2 oe XZ 
eee ere eee ett] (B= 14) 
sin-ys 2 


After substituting properly equations (B-7), (B-8), (B-13) 
and (B-14) into equations (B-1) and (B-2) the later can be 


solved for the attenuation and normalized phase constant. 


7] 





RS. 
At 


e iL 
Ow 2 Pa i oO re 
t-O O Lue Wt t= OQ ‘= 
i QO a ut Pra W <a; 
Co ja mt) ae =. <r = a oY U4 
zw oo Oo>u ej i ui 
4) zZwz e 0 e Zz q m (c aw 
O D a1 Qe4 Y”” WO WV ee] m '— te O= 
ez can <{ Oo ~! mé ~ e <a wu) a) 
OL Ik r us tie e wu = 1u9 wo 
Are ww ZIM a mz t ev) W”) t- or - Cw 
W O <li) O e us Un OQ @ ~— ©) -~ W 6 
Us m i> Or —~> AW e Ww '") vr a QQ ut! (Nr 
xo > WMa<at —~ et On f ‘oz Wn I ” - aw pa Wy) 
ow Ww Gl a ~ Ve — ez ~~ A) ” =) Fa) Dm ro) mL 
OW QO eOwes AO Oat EN Ce ko Wd . <J pal (ae ow 2 wo 
uv) Orn WUr x LO Gk sh <n ° té tt oO 5 © <1 Lt 22 
us ww Ub OF eM e <4 =a O) « =x {--- Vv) Cc nm Wwe =z = wD 
wo Wr L Meeaw NW anu vu) ue Zz. cr. a < ww to 25 
Mm CC ant &-e >S>UnZ _ eee t- Cc << th a «ie CS) [Nay tel we Crus 
> Ww<a UL rb <1 ~eaqw UWL <1}- ILLUS e Ke =U) eo Pe ee tre Wh 
uw <{ ~ tL CF-th ee (Ye Z Z es (a t= oH eV) m ane az Z~ JI j= (Low ( <T 
al na O Tt > I wOgY =m + Yee ms —Z eZ MO NO - koe 2 nw uz 
5 ES o=- LUCOLL oY Stee ee st Clee sie SO ahs «2 —te i) wo 2 UW = 
fH we AU O LetmoO fo <q om wn on uF Ze ei) -t Au Ot ul Zot <a Jo 
oS Zitte Oct + BRO WwW QQ SOT eh or al FMM WH Ow te weg = Js 6. IY tes 
<~ Oo tu Gra t- Ox x OM Le AtHOn =HH amo Utd te OW TN ~W mw ON 0 Cy eo 
A or SZ we <ee 2 FOUR oO Oare tOWY AYO ADM eww RH S <lim oe ~ Y oa Coe UW 
ao a ui ODO SF a He Z UROW UFea SRO WIN Be AY KU 2k + oO 2£a a OL 
= WO Or us e az — die uD ent ZF VU Ake Bir ae ww We 2) x Ut rie 
ub © a t= Wer twrOoWwY x AOsa DO a UO sw Su cits SR MBE ww Cr mb ee 
oO WW _ = WO FROWAH Oo Zz Y JOWe nny eD- atu OU ww WoO FR oO FO 6 Qik] 
ao F Q Os OWeOGIN tH J 3S ear Sik SD Oe OY OZ <t <Tim u <i <A Wr <dao 
<«< 2D Ww Ue LEweywawd 4 eH) GAaWO He ZL Uw lL UO wm sa On mn 1 <t uw 
a. — OO BK RiWwre WIOW CO anim wit 2 -=AO Bot- — FG a © wo Oo a2 Za. Oo) 
= & Anaad "1 SYt-D YY WO BSvae ~ta aN ¢t- or az Ou mH ao «x met tS 
oO Dz MW UMUISS] eLLIAU?D Lito ~<a A>D w 2 ae =O tlw = ‘Gier. mm an 
ad O Of ALM>Dzanbe “vy 4 SES =>t —- © AW wre Tuo <a I we UL aa ac 
) ™ LDiQAAQnOM we FB WUULU JR wD w FH JPwWUH WS ODO Oe tKe Wu or au > Da 
us WM wer aAarZwWN A ITO OO We § tht] Qte fee ter YO OA 10 Ww we MWh 
4 Of SU.f oO 0. w OoWiz= Ole ree OF OF a ar oO kL ax O2 wo wus 
w OU ANNORMOOM WD OF WKY 1K ole < Cg ww VA AD ao KU me Oo rer 
ws oo. 2YSZIE-O O <wutl Odewth dad Ww OWU diy aAzZ ul OF aI O NO t-we FZ FA 
tL He OWL ete meee amet <f CmOain HO OWwO COE Olll Ora Te <q ot ae dre Det 
C1 AQ OOWREOR-rH DH =sSz Oa ao ria on a meat. 2H a mw JO Dat a ee 
uid MWAZDIUDDZYHyY FT KRDDD Biko OKI Be YE FT ye.) Za. Fk I ate OO SN calfeg acl) URS) ee 
~ Ow AkTA3g0nNgWDA TI WSZZ Ow DI Ww WwW aww I-) Ker wun TN heFet ee Ww Fa st Dr MDM 
a te UkeFWPF Te ww WO MIs! YQOaw ee eM De20 un Ke Oat OO 24 D > FBZ tA Wl ter 
COC wx WN OeOOk>-kF WO ee a WuUIsrse TSEFrF OFT BWM ere UI m4#<{[ a aT Oe FO O fF 
M1 WO ee WUIOAVIOIKAMOM (0 Lenz martID §t-nD WeReD UO NW NO WS 2ZIreE FF ZO AK Wr D 
x EO Tri «° e-<« Co eIES ehUFZ eZ CDF 1 OOD CL ef 0 D © oh eR TE -A 
He NS FRR Ce a Cs 0) tT in Oo ~ oo Or Own m = Wo 


VUVUVVOVOV OV VVYVOGYO OV QVOVU VU VOU UV OOOO VYVVOWIOVOV OO DOIOOVOUOOV HOV VOI OV UOVOVVOYVDOUOVUVOUUO 


12 





e 
> 
” > © 
= a + 
© <= QO 
ol my 
Y my = UN 
ee = 
q) us <f 
tu <a 
wx oOo £2 
Qa. wm cc 
m4 =) 
Ul! uw 
=) 4 
Om ed] 
=a QO <t 
=) cm ev 
e Cc) <I ryv - 
tu LY 16.8) 
oOo 2 MOUs ~~ 
bent - am Qo 
> Fy its « 
uu! oO <{ st—- —~ 
QO WW oo7” co 
=. eC) = 
tw wm On= =z oo oss 
ce} ® ° er | 
tH LL = e.) -—_ I & 
oY emo) NIO —_— > 
= wu! OW 1 ried o 
— 2 ie C)~ Wan 
Le) a — «if 
az WU! ~UuLW “Cu4 a eH” 
oO a mc? ley aes 
—_ << Oc Wu <IthL =F « 
- O30. — & =, ow em TT VY) 
Tn fF Ue <_ = -~ AMI—=2 Fr © 
Cites <A, AS | > o--r < ZWwWaS eC <f 
qt GD wf oaod t~ -N OY mw“ ILL OS 
Q et Fe LIAO, She mT ee Om A TOAD TKS 
Oo F-& m& Ware ao OM eNnN eN J~w~wm il © 
Ce TF OO Set DOW Wit- emus el e -——<—— 
Q. eo th YI>p- — ac Dawe Nat mem me (IOOQ— 
aa): ‘ OOanWM = DOOMNLOW YANN Atal 
a uw aZOo> tC) oOo Sea? ae? Cae? tage! Se Ge? Ce oe ee en oe oe 
> ©O = Aq ewe OO UR LOVER LAUD UN LAL LY 
WD) Tt qm at e394 °C eRe RR RR wr wr ww ww we 
O D WResD eZ OO Acard 
O Onde ww Ne FTETPHTE AQOANOAN0O 
4 2 Owr>orm az WD CQUWANAYNY Aatraddde_dg 
ja dartatw Fe NW OOOTOO WiutlustwIvitUt 
two AtfZU we OO NW WUUUn Yoo oe 


ANMMNOr 
paar’ 


VUVVUVVUOOUVUUUO O oO UO 


Pir leoto) 


x 
oOo a 


D 
D 


to Ww ow 
DOM 
2 
NO. Tumi) 
ON I 7t \ 4t 
NOOnHOe 
ADODAWM 
te eD> 00. 
Ata 
en Wow t 
NAL NHAC 
iDDIWWwM 
mesa Taa 
O<gA-dtisw 


e 

wn 

ee 

© 

i-4 

— 

<f 

at 

=) 

w 

al 

«I 

CC 

q 

i 

te 

<_f 

OF 

=I 

— 

Oo k&- WN NN a 
moe ke il See lee) 
wy O O fF O OQ 
pte ts (=) ee) 
tu Ws 7A «4 @W 
> xr oO = N > 
<I e e Wo 
ZzFonNHtwWYnNN 2 
' -=- ww» = WwW Us 
a «— TK aT D 
Ae) oO a 
is «wo ao ts 
- 1 f QO. 
VAY ag <{ Lh 


UVUNOUUO YUOUO UOUU 


l 
F 
VITIS ELI 


QF INPUT DAT 


UI LIU OC 
Oo =zaO 
OU. Su 


wt 


O 


C PRINT OUT 


=) 


ale 

XN 
-— ~ Cd ~~ Pad 
5 hs ™ = <k aa 
tt ety) 
%# ©oO a F TF — 
3t (~ (N N Jt 
4 ey os o 
+ ~x oO J 
4% Lit Fe WS 
+ FrwWMnW SF FF o 
% ~ “< 
SI ee © On 
bis oO e Jaap as o~ 
it ee O WM WV et 
tH tN th om . e 
+ WwW ~ TST +s 
+H ~ i ® e uw 
tt iT] a st Kt e 
% ed < et et I 
$C St a 
% a—ttucaqiv « ~ Ww 
HOnKOs ul Win a 
HUULIO LT qoui 
3 eae QO 


Tih HOCH Lt <L3t wit 

(Na a>, Ee 
=NAORA ATOR 
D eD eet oN omy of & 
NKOKAKO«XOX<XMX< 
AINANIQNIONANISEA 
SY ROD OO ol) oO) eM) 
Ow Oe Om Ow O~w 0 we 
— ol ae =e — —_ 

lm oF oF oR FF 
ti<plu<tiweltuqQuviclilicd 
REE EES ESET EE 
8 CY 4 YO 0 OO 
acrwvorOd0 UYKOuM 
Tzu STU BU Tt SLL SU 


PT DOAN | 
uw Oo OO 9O Oo 9 
4a NN NN OWN 


is 





—_ - ~-m ™~ 

%* 4% + — N 

+ tt 

4h ue tC OH 
ama O a +4 

- + 

al ey 

wm wy Ww Fr + 

Cd oe o oe iw 
NNN N # 

e e e e + 

~- ~ @m~- FS 
Ww Lk U ib + 

cd Co CS ~ tt 

iT] tl iT} % 
Ooo 4. 

io os <t ! tt 

Spee Co es LS tt 
- e e CQ * 
4+ OO - 2 # 
Tus ent q # 
Reo OOW J «# 
at < +t 
WHOWADIH + + 
@Qebsess <a IE 
oO 0 9 OO N 


OO eO eC a(t © O 
OX AM KAD IOS 
NONONANONG 
arn af} ef &M%) of] 
O~— Om 0—0— Ow 
— —_ mt Sega — 


Im ok oe OF 


COrOorNarnaa 
ZU Fu FU zu Sut 


TA/) 


- 
ha 
= 


RATION 


= 
~ 
=_ 


pPlles/7) 


F OP 
KAESS LOOP 


CF OPERATION 


r 


GHLAMBDA*/LAMBOA, 7X,1lHOy15X%_,4hB 


RT (1eD0-D(MN) /H¥(12D00-1,0C0/EPS9%) ) 


Ee~FREQU) GC TO 406C 
ON CONSTANT - 


EGGP 


HIGHER FREQUENCY 
CQ 5000 M=1,M1 
FREQUENCY 


SET LGWER 
bETA=PROPAGAT 


STRIP WIOTH 
SUBSTRAZE THI 


Sei 


c 


IT eOAAaIaIAN 
t-COFVUOYY 
COIL R= LILILU <o oT 
me MEF ult 
uvOonaonnnNn 
<I—t—<{ Ht tt AN 
= raANOO 
WU OW YY eX 
MreOmwbd<f dq <I 


od 
oOo 
orm 


ooo 
OO2NO00 
O00 eee 
ONNDO9O0 


eeeoetht Wo 


QOOANY 


Hu taco se) 
ANZ ZaA+t- 


= FSOOF 


DDDFEF-OO 
AMEE O&O 


Oooo 
ADOA 
@#ee?e 
ADQIIMA 
sot u ie 
NAAN Artz 
HUAN I 
AAU Ws SW 
ZRuUvVONNZ 


oO Oo 
~~ 


¥2-8KC1S) 
74 


1,I1 


09 100 I 





+: Olan aanw 
22 ZDDIE- NNO 
THAIS SUNN o 
Lore << OWS 
IMO tt Ft 3E Ht GE NI 
In Ti azadte_y 
HOOODOAOO=S 
OF f QOULUILL Witte 
NN eF SISO 
IqH3oodono~ 
== it nut uw 

tTHACON TUNOLL 
OOO} <f <{ <{ <1 «] <q +1 


C 
C 


TRIGONOMETRIC CASE 


SAC IAT 


‘ALS (AZ*AKCLS )-A5*%A1L-A4%%2/ (AKC 2S #AT*A 2 


g 
2 
/ 


ue we 
MmACNIM STO 
<IILULU IL wo 


GAS: 


mer GR GGL?C 


C 


co 
<I 
tt 
sO 
a 
q 
Cty 
<_J 
% 
tf) 
N 
OO 
Me 
<{ 
— 
Ss 
Oo 
<{ N 
+ Nard 
iN omNt 
tt Nm 
tT N Grew 
I tH NYCHO 
+ He mit oO) 
_ Za eee 
oO <I at tcf we 
met +t tL UU eet 
= wy Set ed a eens) 
zm <I N a «lc Ni+ 
=a t tH 14 +NQa 
~— tt — + QIN Zam +e 6 
av) WY Zz. HtHZNO—-e44 
HNO <J KOHAOD e 
NoO<cd QW mm IL —tt— eMitt 
bs i _—— = I cet eeet 00) 
xs<I0O <4 => <a nam s 1 se 
ITI<t # —— + =r t= 
ON ON Zz AN we SY OM 
weap <M KH srt 
IMD wth aa wt HHOH—— 
ZAit Nt aac — OOdOA— tk 
a<IN -0) UL UL ome MOQ eX 70 
f+ <q Tih =& a INS e elm <Tft-- 
AM™ #1270 Z2a<(N~ AIA = Uwe 
Nate NT ONNQO Www FZ Zee ONLI 
OO HILANFZN WAN OMNN RN TO 
On 3 OV SH PU chm tea CN BH tr ON ft 
egtgtU pal | UW WOWNAAOA eww 
s(t ~aLrnnnnoaggn~ave~nt wth w~H 


Hot tt besos tN tt he Neto 
DOANONS 2ZELS FSC ANO tp KOK NINIL 
WAULUUNMLOMDS TINY XKOGOOU tLe 


Oo 
NI 


a 
(s) 


STEP 2 -POWER FLOW CALCULATICNS. 


— 


C 
C 
c 


SENT S HH 
CVI 36 INAS 
ce ZMOAKH NK} 
= As NOUINIO 
an faq tinn+ + e 
e-ttf) wt weet weet ee ONION 4 


f 41 36 Jt 4t Jt Jt it oe 
ON KAHHAAH HO 
eS (9190.0 0.0 Jet)! 
H4HDt HEE ENoOWC © 
WNurstg dd <viurw) 
SPN a tl itt ta 
Out AN HNMMY 

= AMANIN XX NOLL 
<I NNIN Us tWUus US LULL 


SPACE 


REGIGN 1 FREE 


C 
C 


“MH OZ 
mmo (D4 
HUD WY 
ZAaA>e—M 
=wWw—O~ 
~* TO~ 
Oo<aiZz e™N 
I R<tin— 
TUF ae 
“DO 
HH wr tS. 
aAcIN OWS 


X1l)**2 
( 


Zi te 
2)* 
2)* 


A*AMUL) 
. 
C 
M 


O<l <add ~ 
OUR UI RAJLL LL. 3¢ 
etry | tu NO 
NON tt aat> 
~— Ht NIU) SE Ht Ht 
NZUINIMAIN UY 


POO eOAVCaAgtw>>> 


SUID 1 


Ott 1 ft 


Is e>IloO ewo> st tl it tt 


10 OR OF D8 met cmt 


OANUL (ACI + OF uf or oe 
SP >>e>S>US>>>r>ret. 


WN-t 
a4 


2 





Cd Zs 
md N 
N > - 
> +e ae . 
tt J O + 
~ ool 3t WY 
=) > ™N ) 
3 % aa +t 
Al WN OQ > 
¢ 5 1y - + — 
% 4H _ 4 =< 
et eae, CQ a, F- ~ 
mm a) Y Zz c= = 
Cy<{ <{ x Wat = U <t QO 
>+# > N+ i tf 4 Ly 
+NO (—™ wn oO ca rg ra 
HO A NM 4 3t QJ oO <I 
>a a Sete om Ht aN <I ml 4 uw 
~—aN t+ 22> Met Net = m@mMMac ad 
+h~ ~~ —+ othe Ses ef HAN we < 
mins > SIN Uw oS 2 Si WMwWre>t™“ + 
Nao <— mt +) ~ TO HAN IL +FOnr 2 =z N 
li~-O uUu A> N~S -~ t— Oo >-—0O)0 OC a) 3 
gst St WY + H~— tt a NZ Ol+zr7Zz on ws a 3 
am amend xo ts om a <f m4 ema SZCIN © Oo Fe 
AWM @ NMIAM0 ~—/ ~ =uM NZ rw NOU ul aI 
St = tl—- wAyNIa 360) Cc) <{O ~ZZzQAIAZeR uo (Y tL 
3% (I+ C0 ata tKo> -H + CD 3 SN rer wer we ed No 
Mt AeA om TWY + Oj WS EOI —OOF HWS US WO ae_Wg 
etic 42 <i. tt N tata ite J I< mw er YY IO = -~§ “N+ 
Ot Cre Oz ist DQ Swat tt =OO wus ZtHeRReAAM™ aA er. OJ 
Metp- Od >. INN AdeRwed uw qOoOo wie SUDA LUDE Re & fe N Ot 
ADI+O us ea — Q ~wmWwws HAD Y Oee emery wt FOO + WY O a. C53 
—=MO w N34 (3O + + INaIHaHoO>s qe Ov}e} N Ou T 3t #¢ WO Ud x4 em 
Ngee <{ NO IIVNAUO> ¥<T oO 2znnx NK AX AAH OUORAOHA Iu aot Q. a 
—tarm NO > COOIFE O36 NL | <odt rN 3¢ SW DUI St OE JE CNIOSE Oo OU Li + +— 
NAIe-D OQeainr~ WIOst WON Aad UO wwMmn HFUNS HWE AQIS SARK YF Be NI of Mao ~4 
HO+0O OO aA>O0OL SM St EE IND mV CF”:DA SS ANTM 34 NSN Syst th ow oO a L— 7- >< 
HILINS @ we Li (= DAN At 36 > NW we tihier Re>K AMY dS one tN <= = = 3¢ StH 5 
ASHO J tT ers 3H SKN Z Zens — Wst + WI EONTOKHHNNEN 2 A Zz aA a Orta +t 
AMre © 2AaAZaw O<cluyWwidcd <a <{1 Ws OAjcI <f O10) + POH ANH HE Nt + tH a eS QOOom™ QJ 
=aa—lel OOS RO Orff] |UUODZ~ SF ORF ah EeIIN I 4+ O35 tH ttt th ot WN aw eO)— NSN 22" Zw 
INti OC wl Rw erIinthy) os jets QO MUWWAINNWSNANOLTHNNHE + BS WO FX A =X SF N em ih et 
OMe tk ADO ew NONNe«ef at >owZz Z <IMOoOnlts3 OMUINH er Sefded<fe4 OM FF dr S~ OM) A 1NANW+t+ F-F-E 
~—~GrAwn A #4—IUN me Ht UTUUSE JE St tt <t QC dt HL HH HLH OMS SEN YS AOA Yb aA YI Fe NSS KNIN +4 + 
HULL K§ AI W NZI HAIN DN EMS NOK ee tLIUL ete Uh Ok Oe Ot OO OHH ROLL KM INO) 
ate at TF aOoo eZMNn0Od gq ffrrsHAHoO f+ OOMOONMNF-AON OF ZUIIOUO - - —- OD Hera THtHOKS DVI W 
>Iw = FSWOOF ADR LARS > mr rmaD Mm OMWMUINSUIILO>DPN Tweddle ~wnw © aw Ww a tt et HAN KAS HANDIDDD 
(ut << ds es enoIi>> i tila - eZTTPO1 ariel rownttitut tu Ht w N wm YW ZELTHItTMNNZ 
non NY OMNAPODOOS—-—H HUN Wood AOOuwnssnnbnoOonknnon z= a = w@ =F = O word aec(nict i we 
TN\A~ He ee a INNO TNRe CF UN HANDH WLANDHANOTON OC FF CO FX OA e Hoe nn Aouey— 
ase GAN MM MNSFORNNNAIOCS WO Ay Re ORE FE ONINCINNY A a a a Qa fe LL) eed ace | ee 
Crt Sh 2S AAALAGAaAsMAAeKAO GO ZF ANNWHIWNINTLCOoONeY eorvae sz bt t- QO OO NXdAAHINDDDC 
poe Ch Serre SPOr>>>>>keRKRFKRREO OO > rPrOoOOO>omUVUUlS>KFEKRFEFA 4 FF BY ke SD Fe OO LOK EDIE UNIMO 
_ _ <_ <I <I < 
a2) Tin uy (2) =? t- t~ co c 
tw red wm © oO WwW OO l) ©) 
ac ow @ oO lk [P= - et 
OOW OOW OWN OOO YOO OH U 


76 


Son O19 
GeoaPOleGe 107, 





2009 


BO rg 


+01) 


CIO 


ex 

= 

<aIuWw 

= - o~ 
- lw>o< 

TM) — Dr 
<j-O Wee 
OW aon 
ts. —Z e 
wm—C) >a 
O-t- swt 
N~ + OU 
Mo A< OX 
mi} sw fp ee ff 
—i— CAI 
Heo © WIG <I +> 
Qaivr a Ww~—o e 
tel <I e un oO 
Ul e@ et, Neem le 
—MuWw + OA & 
Aa J x +H AX 
~—-" e 2a Qoaowsys 
RKO Fe OOO en 


~ "tu it - 


HANQANVVOWAOO 
<I ~~ }- <{[}--|-—- Zeit-Sf- eo 
ahee 4 
iw OWOGO>S>{VYoOO ti 
OM OMDOOY FY SLOW 


OF -& 


of 
i 
N 


QO O90 
uw eo 
dD 
roa) 


md 
\O 


1) 


¢ PROPAGATION IN @BACKWARC DIRECTION (42) 


S IGN=-1.D0 


O 


NSAONOIOIO 


ADQIDO 
NOVO 
QD90 
OUT 


oO 
a 


«> 
o 


CONSTANTS 


CNS GF NORMALIZED PROFAGATICN 


v1 


— 


GO TO 8001 


O OO) 


OQ 

* 

BS 

coal = 

< o 

tu wo> 

+ Nite 
o Wiest 
la ees + NJ 
Hie NISItUA! 
He OM Ht H <i 3t Cl 
<TLLlse t+ NO 


at NAIC AISCO) 

> (NOE TE OU EL be 

MNOK HOO } 

— LU em = MIO 

+I AINNAPENDD 
WIAA + <tEN SL 
Ait KALE 3 N-13¢ 
OH Ulst <LAM>AO 
Wet HOOD>H «KO 
ANA—Fjt 36 +O'L! ec 
NOKTNZAINOO~O@ 
Ziiv<t DY eft e 
a) (usa ooniul 
WAM IJ<t ut tt Do 
NN <r Ht it HI me 
TWUIFH <LKIOZAWYN 
MHHEAOV[SONNA 
Atte ww act 
kets FONTS 
U>S>>nmnODO0MI ad 
OD we ee ee wee eS LID 
Te 
fOMmOaAAIKIO SIN 
SAAN ONomMmco Tw 
>>>>>>>>>e 


oO 
Co | 


oO 


RYPERBGLIC CASE 


C 


oO 
CoN TaN TaN | e 
<a 3t ~\ 
=U ~ 
<1j--—- ~~ 
Oo -— nm 
KOUD a 
“On > 
cq > + 
an-~ N 
Hol ane oe 
— IT emt — =e 
a ZOow tt > 
= <1f-Q _— + 
—toH~— +r nN 
QOD e¢n—~— Cc —_ 
tH —tu™ > => 
Ano +-_ ~— 
AO eLZinWMstkt OM 
FOO VOM UNO UIC 
JI en~— ermrstyr 
OQYHaAr>ODoO~ I> Ia 
Wt te 1 
ON OO MARKON 
SHA HOt s us (> 
> >a >O> Mm Nicy NC) 
Tin 
NA 


= 


CAS 


c 


TGONGMETRIC 


eat 


ANNAN 
wws > 
Oo ONN 
NS > +++ + 

ZOMANMANANO 
SOMOS WIS Fs 
— e>M>arvanvnin 

Onr~—~litranunuvo 
Hew eAtNetobe 
QAAAMNVHIAAN 

Tost ws Ws FO 
> >ry NNO NIN®O 


*(V494V41 ) 


(ey 
N 


N 
™ 


WO 


qa 


fer. 





eo DO + DAMP HQ) ) **2+ 


W ZnS. 
ow OTrrktoO 
+ <1 lte#t 
KHSOO_ICE 
adtcawaqd 
Ht HOOOW 
OAH HSS 
QOOUO400 
On Ww town~ 


ue 


ce 


Youre \S@k 'S sCOMPGNEN 


COECULAT IGN Ge SUSCESTIEIE: 


c 


HINA 
CPT HAUN 


aT UI et Oo 
OOD SZ Ane T+ 
HHH OAACDO 
STAHL NWO 
A<TOOQIN™N ee 
OWMUID # # OO 
STFS etn ww 
OOODAIX< <I 

Wwuw &<><<_fiwus 
ANANX <SeE 
> OS IIN UP UD OO te 
>< >S >< CK E Oo oe 
>< > >< OK OCNLL = EE 


wtf 
oO 
Ov 


~ 

~ 

ae 

O 

~ 

@ 

Q 

ca 

oOo ™“ 

._™'! 

uN wT 

e e 

a & 

+4 «i 

Us in! 

o vr 

0 iT) 
—) cs 
«J w 3 
+ — OW 
ff - <1 
J aI 
uw = NG 
Oo =a © 
+ tus so<d 
we t- © 
= a tf- 
a. oOo a <I 
HZ t= 
qd wus © O ti 
- t- tH- aw mm 
tt to aN 
Oo a Q = hw 
Oo 4 ws <t 
e aw OO fF 
+t O90 — <tkruUW 
— rm OnmM<aMN 
~ O> OOTaL 
a Oe<t 0 At eH 


%#WTNNIDONQDO 
<I> OPO 0 ot or 
ONO Wd = O-O— 
ult OMRO~w ww 
FO ytiew F FE 
OZ eaAnMnwetiud 
 ULICO <T tp wep SR Ee 


>aOOve Su Ft_ 


3Sa 
3S7 


O 


too) 


FORWARD CIiFkeCTION 


»PROPAGATICN IN 


+1.00 


SIGN= 


C 


TA FORWARC =,21024//) 


- 
= 
_——_ 


FRwWARO ATTENUATIGA=,511.25,6€H CB/CM//) 
a 


“i 
T 
E 


TAF/ 


W OUT WTO 
Zt ZEEE 
QO mrmoree 

KHOandrIwrnnD 


WMO Fu Fu oO 
AD 
DMO VU 

oO @ 


a) 


Oa 
= 
wt 


8001 


78 





108 


ist OF RERERENCES 


Me E£, Hines, "Reciprocal and Nonreciproca! Modes of 
EVOpAgdtilen if trenrtinbew nk pline and Microstrip Devices ," 


IEEE Trans. Microwave Theory and Techniques, Vol. MTT-19, 
p. 442-447, May 1971. 


K. Araki, T. Koyama and Y. Naito, "A New Type of 
Isolator Using the Edge-Guided Mode," IEEE Trans. 


Microwave Theory and iechniawess. Vol. Mil=2359 ps2; 
Maren 1975. 


T. Itoh and R. Mittra, "Spectral-Domain Approach for 
Carculaving themUispersionmenaracteristics of Microstrip 


Lines," IEEE Trans. Microwave Theory and Techniques, 
Vol. MTT-21, p. 496-499, July 1973. 


K. D. Kuchler, Hybrid Mode Analysis of Coplanar 
Transmission Lines, Ph.D Thesis, Naval Postgraduate 


Scnoo |. Montereyee Ca lagorata, 1975, 


A. M. Ttifekcioglu, Hybrid Mode Analysis of Microstrip 


on Dielectric and Ferrite Substrate, Engineer Thesis, 
Naval Postgraduate School, Monterey, California, 1974. 


A. B. Carlson, Communication Systems and Introduction 


to eran and Noise in Electrical Communication, 2nd 
Od 30 poe 7 e726 NcGrawenin) laels7 52 


Rememenicen dtd. TOmmsKdalO ENGiMeens. stneed., Ch. 44, 
Bo 2e Howard We Sons mae Co. lite. 171976. 


J. Helszajn, Principle of Microwave Ferrite Engineering, 
9. 3-16 and p.. 129 ce Wi Veyee Sons, Lid., 1969. 


B. Lax and K. J. Button, Microwave Ferrites and 
Ferrimagnetics, p. 147-164, McGraw-Hill, 1962. 


N. Marcuwitz, Waveguide Handbook, Ist ed., p. 391-393, 
McGraw-Hill, 1951. 


ao 





IND LAO LSTERIBURLON Elsi 


Defense Documentation Center 
Cameron Station 
Alexandria, VA 22314 


Library. Goede 02 iz 
Naval Postgraduate School 
Monterey, CA 93940 


Department Chairman, Code 52 


Department of Electrical Engineering 


Naval Postgraduate School 
Monterey, CA 93940 


Assoc. Professor J. B. Knorr, 
Department of Electrical Engineering 


Naval Postgraduate School 
Monterey, CA 93940 


Assoc. ProfessorekaeW. Adier, 
Department of Electrical Engineering 


Naval Postgraduate School 
Monterey, CA 93940 


LTJG Ram Sharon, Israeli Navy 


c/o Embassy of Israel 
1621 22nd Street, N.W. 
Washington, D.C. 29008 


LT David Bar-Yehoshua, Israeli 
Department of Electrical Engineering 


Naval Postgraduate School 
Monterey, CA 93940 


Defense and Armed Forces Attache' 


Embassy of Israel 
Tegl-czenea Street. Nw. 
Washimaton, D.€. 20008 


80 


Nie 


Copies 


7.7 
a ole 








28 MAR 78 2uBse 





Fhasis 166537 


S4347 Sharon 
Ge. Treoretical analysis of 


a model for a field dis- 
placement isolator. 


' 
——— => 
== 5 
== 8% 






